VO 2 is a promising material for reconfigurable photonic devices due to the ultrafast changes in electronic and optical properties associated with its dielectric-to-metal phase transition. Based on a fiber-optic, pump-probe setup at 1550 nm wavelength window, and by varying the pumppulse duration, we show that the material phase transition is primarily caused by the pump-pulse energy. For the first time, we demonstrate that the instantaneous optical phase modulation of probe during pump leading edge can be utilized to create short optical pulses at probe wavelength, through optical frequency discrimination. This circumvents the impact of long recovery time well known for the phase transition of VO 2 . © 2016 Optical Society of America The search for advanced photonic materials with high modulation efficiency and fast response time has been a continuous challenge in the field of nanophotonics. Realization of functional photonic devices, such as optical modulators and switches that provide rapid and energy-efficient optical response at compact size, relies heavily on the fundamental properties of materials [1] [2] [3] . Vanadium dioxide (VO 2 ) is a promising candidate for a variety of photonic and optoelectronic applications that encompass large, broad-spectrum and ultrafast optical responses while suitable for integration with silicon photonics when needed [4] . A distinctive property of VO 2 is the capability of reversible dielectric-metal phase transition (DMT), which occurs near a critical temperature T c in the vicinity of 67°C. This transition is associated with drastic changes in the refractive index and resistivity of the material [5, 6] . DMT can be induced thermally [7] , optically [8] , and electrically [9] on an ultrashort time scale of less than 100 fs [10] . Although the material properties of VO 2 have been studied extensively, argument on the exact mechanism behind phase transition still exists. Various applications utilizing its optically induced refractive index modulation (Δn) have been reported, such as tunable resonators [4] , filters and modulators [11, 12] , optical phase controllers [13] , switches, and photodetectors [14]. However, a major drawback of VO 2 is the relatively long recovery time of the transition back from the metal state to the dielectric state, which is usually longer than 10 ns. This largely asymmetric response limits many potential high-speed applications.
The search for advanced photonic materials with high modulation efficiency and fast response time has been a continuous challenge in the field of nanophotonics. Realization of functional photonic devices, such as optical modulators and switches that provide rapid and energy-efficient optical response at compact size, relies heavily on the fundamental properties of materials [1] [2] [3] . Vanadium dioxide (VO 2 ) is a promising candidate for a variety of photonic and optoelectronic applications that encompass large, broad-spectrum and ultrafast optical responses while suitable for integration with silicon photonics when needed [4] . A distinctive property of VO 2 is the capability of reversible dielectric-metal phase transition (DMT), which occurs near a critical temperature T c in the vicinity of 67°C. This transition is associated with drastic changes in the refractive index and resistivity of the material [5, 6] . DMT can be induced thermally [7] , optically [8] , and electrically [9] on an ultrashort time scale of less than 100 fs [10] . Although the material properties of VO 2 have been studied extensively, argument on the exact mechanism behind phase transition still exists. Various applications utilizing its optically induced refractive index modulation (Δn) have been reported, such as tunable resonators [4] , filters and modulators [11, 12] , optical phase controllers [13] , switches, and photodetectors [14] . However, a major drawback of VO 2 is the relatively long recovery time of the transition back from the metal state to the dielectric state, which is usually longer than 10 ns. This largely asymmetric response limits many potential high-speed applications.
In this work, we present a systematic measurement, using a fiber-optic, pump-probe setup in a 1550 nm optical communications wavelength window. We show that the optically induced material phase transition in VO 2 is primarily related to the pulse energy. Although the refractive index change of VO 2 triggered by the pump pulse has a long recovery time, the induced optical frequency change on the probe, which is proportional to the time derivative of the index change (dn∕dt), has a time scale only determined by the leading edge of the pump pulse, which can be shorter than 100 fs. This allows for ultrafast, optically induced modulations. In particular, we demonstrate the feasibility of converting a continuous wave (CW) probe source into a pulsed waveform due to the effect of short pump pulses on the probe through cross-phase modulation in VO 2 followed by a frequency discriminator. In addition to clarifying the fundamental mechanism behind optically induced phase transition in VO 2 , the frequency discrimination technique demonstrated in this Letter opens the possibility of converting ultrashort optical pulses from the pump wavelength to the probe wavelength. Because DMT in VO 2 is a broadband phenomenon covering both visible and near infrared (NIR) wavelengths [5] , the proposed wavelength translation can be performed anywhere across this region. The duration of the translated pulses is limited only by half the leading edge of the DMT, which is shorter than 100 fs [10] .
VO 2 thin films (200 nm) were deposited on c axis, single crystal sapphire substrates by pulsed laser deposition (PLD) [15] [16] [17] . Details of the deposition conditions of VO 2 thin film have been described elsewhere [5, 17] . Briefly, a KrF excimer wlaser (Lambda Physik LPX 305, λ 248 nm, pulse duration 30 ns) was operated at a pulse rated of 10 Hz and was focused onto a rotating VO 2 target with a laser beam energy density of 1.5 J∕cm 2 and a target-to-substrate distance of 5.8 cm. The target was a 2" diameter by 0.25" thick sintered oxide ceramic disk supplied by ACI Alloys, USA. The deposition chamber was initially evacuated to <10 −5 Torr and then oxygen gas was introduced into the chamber to maintain the desired pressure of 20 mTorr. The substrate temperature was kept at 550°C during deposition. The as-deposited samples were in situ annealed for 1 h, maintaining the deposition temperature and oxygen pressure to obtain pure VO 2 phase. The samples were cooled down to room temperature at the same oxygen pressure. In order to allow optical transmissivity measurements, both sides polished sapphire substrates were used in this work. The deposited films exhibited a significant resistivity drop by four orders of magnitude and ∼60% optical transmittance drop at near IR (2500 nm) as the temperature increased up to 100°C above the transition temperature [17] . Figure 1 illustrates the fiber-optic experimental setup used to measure the transmission of the VO 2 sample in the 1550 nm optical communications wavelength window. Two tunable semiconductor lasers were used as the pump and the probe sources, and both of them were operating in the CW. The pump laser emitting at 1550 nm was intensity-modulated through a fiber pig-tailed LiNbO 3 electro-optic modulator to create width-tunable optical pulses ranging from 200 ps to 10 ns. The wavelength of the probe laser was 1530 nm. The electrical waveform applied to the electro-optic modulator was generated by an arbitrary waveform generator (AWG) with a sampling rate of 25 GS/s, and the analog bandwidth of the modulator is 10 GHz. After intensity modulation, the pumpoptical pulse train was amplified by two erbium-doped fiber amplifiers (EDFA), with a bandpass optical filter (1 nm bandwidth) sitting in between them to minimize the saturation effect due to amplified spontaneous emission (ASE) on the second EDFA. The pump and probe were combined through a fiberoptic wavelength division multiplexing (WDM) coupler and focused onto the preheated VO 2 sample through free space. Transmitted light through the sample was collected using a 10× objective and coupled into the single-mode fiber pigtail of a second WDM coupler, which operated as a demultiplexer to reject the pump wavelength, allowing only the probe wavelength to reach the photodetector with a 12 GHz electrical bandwidth. The detected electrical waveform of the probe was amplified and recorded by a real-time digital scope with a 50 GS/s sampling rate, which was triggered by the AWG. The VO 2 sample temperature was set at approximately 58°C by a temperature controller, which is in the vicinity of the phase transition temperature of VO 2 [5] and was chosen to maximize the impact of pump pulse on the transmission reduction of the probe. The measurement was performed with 500 kHz pump-pulse repetition rate, with the width of the pump pulse being varied from 200 ps to 10 ns. The peak optical power of the pump was fixed at approximately 5 W, which was primarily limited by the EDFA saturation and stimulated Brillion scattering (SBS) of the single-mode fiber.
As the VO 2 undergoes the phase transition from dielectric to metallic state, a dramatic change in its optical and electrical properties is anticipated, leading to an increase in the optical loss and a reduction of probe transmission. Figure 2 shows the measured probe absorption waveforms (1 − T ) at different widths of the pump pulse plotted in a logarithm scale (in dB), where T is the probe power transmissivity.
These waveforms show that T is reduced instantaneously at the leading edge of the pump pulse due to an abrupt increase of the sample temperature. Previous studies have reported response times of less than 100 fs for VO 2 phase transition upon fs pump excitation [10] . On the other hand, the recovery time is much longer due to the slow heat dissipation after the pump pulse with the temperature reduction following a typical exponential decay process. Considering a constant pump peak power was used in this experiment, the pulse energy increases linearly with the pulse width, and the reduction in the probe transmission also increases accordingly. Figure 2 also shows that the time constant of temperature decay gradually increases after the pump pulse because the reduction of temperature gradient near the focal point over time, which slows down the heat dissipation. This is shown as the slope reduction of the decay curves further away from the pump excitation event. Nevertheless, the decay rate of probe absorption immediately after the pump pulse is almost constant for all pump pulse widths from 0.2 ns to 10 ns shown as dashed straight lines, which is 37.5 ns.
At a more fundamental level, it is important to understand the basic mechanism behind the optically induced VO 2 phase transition and clarify whether this transition is caused by the Fig. 1 . Experimental setup. WDM, wavelength division multiplexer/demultiplexer between 1530 and 1550 nm; EOM, electro-optic modulator; EDFA, erbium-doped optical amplifier; RFA, radio frequency amplifier.
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Vol. 41, No. 2 / January 15 2016 / Optics Letterspeak power or by the energy of the optical pump pulse. To answer this question, a more systematic experiment was performed which measured the depth of probe absorption at pump pulses with different durations. In this case, the pump peak power was kept constant so that the width change is equivalent to varying the pulse energy. The results are shown in Fig. 3 , where solid squares are the normalized depth of probe absorption measured with pump pulses of different widths on a log-log plot. This figure indicates that when the pump pulse duration is much shorter than the phase recovery time of the VO 2 film, the depth of probe absorption is linearly proportional to the energy of the pump pulse. When the pump pulse is sufficiently long and no longer negligible in comparison with the phase recovery time constant (∼37.5 ns in this case), the efficiency of probe absorption starts to reduce. This is caused by the non-negligible thermal dissipation within the duration of the long pump pulses. Consequently, the sharpness of the phase change (from dielectric to metal) decreases accordingly. Therefore, the probe absorption starts deviating from its initial rate and tends to saturate with longer pump pulse durations. Note that in Fig. 3 the linear fit at short pump-pulse widths reveals an approximately 2 dB increase of probe absorption for a dB increase of the pump-pulse energy. This super-linear characteristic is possible because the sample was preheated to the middle of its sharp phase transition region.
The optically induced phase transition in VO 2 is associated with the change of the complex refractive index. It has been shown that the refractive index of VO 2 can be switched from n s 3.243 j0.346 for the dielectric state to n m 1.977 j2.53 for the metallic state [18] . The measurements of pumpinduced probe absorption increase discussed so far in the literature were only related to the change of the imaginary part of the refractive index, while the optical phase modulation on the probe relies on the pump-induced change related to the real part of the VO 2 refractive index. Considering the VO 2 film used in the experiment with a thickness d 200 nm, for a complete material phase transition from dielectric to the metallic state, the maximum optical phase change (δφ) on the probe wave at λ 1530 nm wavelength would be approximately:
The time-domain response of this probe optical phase modulation δφt is expected to have the same waveform as the probe absorption when the material phase transition is optically induced by a pump pulse. The largely asymmetric response (shown in Fig. 2 ) with an ultrafast leading edge and a significantly slower falling edge prohibits the generation of short optical pulses of the probe when passing through the VO 2 during its phase transition. However, the dynamic frequency modulation induced on the probe beam is proportional to the derivative of the optical phase modulation (d φt∕d t). Thus a large optical frequency modulation may be obtained, corresponding to the fast leading edge of the optical phase modulation, while the much slower falling edge would no longer contribute to this optical frequency modulation. In our experiment with 10 GHz electrical bandwidth of the electro-optic modulator, the rising time of the pump pulse was approximately 50 ps. The leading edge of the optical phase modulation on the probe has the same time scale. The dynamic optical frequency shift of the probe can be estimated as
However, due to the limited pulse peak power used in our experiments, the material phase change was limited to only a small fraction of the maximum phase transition between the dielectric and the metallic states of VO 2 . Therefore, the δf value calculated here only provides an upper limit, while the actual instantaneous frequency deviation of the probe obtained should be less than a gigahertz. The pump-induced instantaneous optical frequency shift on the probe can be translated into an intensity modulation through a frequency discriminator such as an optical filter. As shown in Fig. 1 , this frequency modulation (FM) to intensity modulation (IM) conversion can be accomplished by adding a tunable-fiber Fabry-Perot (FP) filter (shown in blue in Fig. 1 ) before the photodetector. This FP filter has 100 GHz free-spectral range and a finesse of 100 so that the width of the passband is approximately 1 GHz, which is narrow enough to provide high FM/IM conversion efficiency for the probe signal with small FM modulation index. By setting the center of the FP passband to the static wavelength of the probe, an instantaneous frequency deviation of the probe would result in a reduced transmission through the FP filter, creating an IM that can be detected by the photodetector. Figure 4 (a) compares the measured probe waveforms without (top) and with (bottom) the FP filter before the photodetector. A sharp notch clearly appears in the waveform when the FP filter was applied for the FM-IM conversion. Figure 4 (b) reveals further details of the probe waveforms near the transitional region and the comparison with the inverse differential of the pump waveform (−d P pump t∕d t). The sharp notch in the FP-filtered probe waveform corresponds with the leading edge of the pump pulse, which instantaneously induces the phase transition in the VO 2 film, whereas the material phase transition after the falling edge of the pump pulse is too slow to induce any meaningful frequency deviation on the probe. The inset of Fig. 4(b) shows the pump waveform Pt with 200 ps pulse width together with its time derivative d Pt∕d t. This plot indicates that the differential of the pumppulse leading edge has a temporal width of approximately 50 ps.
In conclusion, we have measured the phase transition of a 200 nm VO 2 film on a sapphire substrate at different pump pulse durations. The results show that the phase transition from dielectric to metallic state of VO 2 specifically depends on the energy of the excitation pump pulse, as long as the width of the pulse is much smaller than the phase recovery time from metallic back to the dielectric state. Moreover, during the leading edge of the pump pulse, a fast phase transition in the sample occurs and consequently an optical phase (δφ) transient is introduced in the probe. We have shown that the derivative of this optical phase transient causes an instantaneous frequency shift of the probe. Therefore, by using a narrowband optical filter centralized at the probe wavelength, we were able to transform the optical FM into an IM and consequently generate short pulses at the probe wavelength with the same repetition rate as the pump. The width of the optical pulse generated in the probe is independent of the phase recovery time. However, the periodicity of the probe pulse waveform has to be longer than the phase recovery time of the VO 2 . 
